Digitoxin and other cardiac glycosides are important, centuries-old drugs for treating congestive heart failure. However, the mechanism of action of these compounds is still being elucidated. Calcium is known to potentiate the toxicity of these drugs, and we have hypothesized that digitoxin might mediate calcium entry into cells. We report here that digitoxin molecules mediate calcium entry into intact cells. Multimers of digitoxin molecules also are able to form calcium channels in pure planar phospholipid bilayers. These digitoxin channels are blocked by Al 3؉ and La 3؉ but not by Mg 2؉ or the classical L-type calcium channel blocker, nitrendipine. In bilayers, we find that the chemistry of the lipid affects the kinetics of the digitoxin channel activity, but not the cation selectivity. Antibodies against digitoxin promptly neutralize digitoxin channels in both cells and bilayers. We propose that these digitoxin calcium channels may be part of the mechanism by which digitoxin and other active cardiac glycosides, such as digoxin, exert system-wide actions at and above the therapeutic concentration range.
D
espite long experience with cardiac glycosides, the exact mechanism of action for these drugs has remained an enigma. Operationally, the observed action of these drugs on the failing myocardium is to cause an increase in intracellular calcium, resulting in more efficient contraction (1, 2) . Because toxic concentrations of these drugs block NaKATPase activity, it has been hypothesized that the enzyme may be partially blocked even at the lower drug concentrations found in the therapeutic range (3) . A consequence of this slight depolarization process is that voltagedependent calcium channels may open, thereby permitting calcium entry into the cell. However, this reasoning has been challenged by the fact that nitrendipine, a classical voltage-dependent calcium channel blocker, fails to reverse cardiac glycoside-induced side effects in healthy human volunteers (4) . An alternative mechanism has been a slight increase in intracellular Na, followed by exchange for extracellular Ca 2ϩ by the NCX sodium/calcium exchanger (5). However, very high concentrations of cardiac glycosides are needed to clearly observe NCX activation. Finally, at the upper end of the therapeutic concentration window, digitoxin toxicity is potentiated by elevations in circulating calcium concentrations (6) . However, the mechanism by which calcium potentiates cardiac glycoside toxicity is not known either.
A further puzzling aspect of the NaKATPase rationale is the fact that, although the complex between cardiac glycosides and NaKATPase is virtually irreversible (7) , toxicity in humans can be reversed in minutes by i.v. administration of Digibind (8) (9) (10) . Digibind is an inactivating Fab fragment antibody against the digitalis pharmacophore, which is widely available in all poison control centers. In fact, the NaKATPase hypothesis for the regulation of positive inotropic effects of cardiac glycosides has been under continuous questioning by investigators for many years without compelling resolution (11) (12) (13) (14) (15) (16) . Non-NaKATPase effects also have been observed. For example, quite low subnanomolar concentrations of the cardiac glycoside digitoxin also are able to block TNF-␣/NF-B signaling (17, 18) . Thus, the mechanism for calcium-specific actions of digitoxin and other medicinal cardiac glycosides remains to be fully understood.
Our approach to this problem has been to build on previous studies by ourselves and others showing that a variety of small molecules are able to form multimeric, transmembrane ionconducting channels (19) (20) (21) (22) (23) (24) (25) . On this basis, we hypothesized that digitoxin also might mediate calcium entry into cells by forming ion channels. Experiments to test this hypothesis are described in the present article.
Results
Digitoxin Induces Ca 2؉ Uptake into Cells. As shown in Fig. 1a , the addition of digitoxin to cells results in a dose-dependent increase in the number of cells responding with changes in intracellular calcium concentration. These data were derived from averaging three independent experiments featuring 50-80 cells each. The criterion for identifying a cell as responsive was taken to be a change of at least 25 nM from the baseline value. In parallel, we also measured the exact changes in intracellular calcium concentration as a function of digitoxin concentration in the extracellular medium. Fig. 1b shows the peak change in intracellular calcium as a function of digitoxin concentration. A Hill plot based on these data (see Fig. 1c ) indicates that the k 1/2,app. is 178 nM, with a Hill coefficient n H of 1.3. Based on a conventional cooperativity interpretation of the Hill coefficient, more than one digitoxin molecule may thus be responsible for the calcium uptake process. In addition, the sigmoid shape of the uptake curve also supports the concept that a multimer of digitoxin molecules may be responsible for calcium uptake from the medium into cells.
Above a threshold of ca. 40 nM, most of the responsive cells begin uptake after a lag of only a few seconds [see supporing information (SI) Fig. 5a in SI Appendix]. Furthermore, based on an EGTA experiment, the source of the calcium increment appears to be extracellular (see SI Fig. 5b in SI Appendix). In addition, as shown in SI Fig. 5c in SI Appendix, digitoxin-induced calcium uptake is blocked by a monoclonal antibody against digitoxin. These latter data suggest that the digitoxin channel is accessible from the outside of the cell and that functional digitoxin channels are not internalized, but remain in the plasma membrane.
Digitoxin Compromises Cell Survival. The acute effects of digitoxin on calcium uptake suggested that longer term experiments might elicit evidence of a cytotoxic effect. To test this hypothesis, we incubated cells for 3 days with different concentrations of digitoxin. On the third day, we measured the release of lactic dehydrogenase (LDH), a soluble cytosolic enzyme (see SI Fig.  6 in SI Appendix). Simultaneously, we measured the remaining mitochondrial function by XTT (see SI Fig. 6 Inset in SI Appendix). Digitoxin is known to bind to serum proteins, and the inclusion of serum in the culture medium slightly reduced potency. Thus, the effects of digitoxin on cell survival appear to have become significant above ca. 60 nM. Relevantly, this concentration is well into the toxic range (namely, Ͼ40 nM) for humans treated chronically with digitoxin (see also a calculation from the primary literature in SI Fig. 5 in SI Appendix) (2) .
Digitoxin Is Sensitive to Phosphatidylserine (PS) on the Cell Surface.
An important question is what digitoxin might be interacting with or responding to on the plasma membrane of the target cell. As shown in SI Fig. 7a in SI Appendix, the potency of digitoxin cytotoxicity is optimal when the target cell expresses PS on the extracellular leaflet of the plasma membrane. Using the mitochondrial XTT assay as an endpoint for cytotoxicity, SI Fig. 7b in SI Appendix shows that PS-positive cells are statistically more sensitive to 10 nM, 100 nM, and 500 nM digitoxin, respectively, than PS-negative cells. The control culture, consisting of both PSnegative and PS-positive cells, appears to represent contributions from both cell types and is statistically more sensitive than the PS-negative culture. SI Fig. 7c SI Appendix shows data supporting similar conclusions using % LDH release as the criterion for cytotoxicity. LDH release is a measure of membrane integrity. Thus, both types of assays support the conclusion that externally oriented PS enhances digitoxin-dependent cytotoxicity.
Digitoxin Forms Calcium Channels in Planar Lipid Bilayers. The rapidity by which digitoxin initiated calcium uptake into cells suggested the possibility that digitoxin might play a direct role in the transport process. To test this hypothesis directly, we added digitoxin to pure planar lipid bilayers. These bilayers were enriched in the acidic phospholipid PS [namely, palmitoyloleoyl PS (POPS)/ palmitoyloleoyl phosphatidylethanolamine (POPE), 1:1]. By convention, Cs ϩ was used for most channel experiments as a faithful surrogate for Ca 2ϩ . Furthermore, we initially imposed a chemical gradient of CsCl on the system to avoid the complication of an electrical driving force. Fig. 2a shows a stable, continuous record of digitoxin-induced channel activity. The activity exhibited rapid transitions between levels and was uniformly maintained for very long time periods. We also observed that when digitoxin was added to the chamber, current activity was detected after a concentrationdependent delay (data not shown). We conjecture that this delay is related to the time it takes for digitoxin molecules to find their way to the membrane and assemble into a channel structure. To determine the charge of the conducted ion, we prepared a currentvoltage (I-V) curve to estimate the reversal potential. As shown in Fig. 2b , we were able to expand portions of the digitoxin current trace and to identify individual levels. From large amounts of current data, we prepared a complete analysis of the frequency of different amplitudes (see Fig. 2c ). Finally, we replicated this analysis at three different voltages. As shown in Fig. 2d , graphical analysis reveals a common reversal potential of ca. ϩ24 mV. This potential closely compares with a reversal potential of ϩ35 mV, which can be calculated from the Nernst equation assuming a perfectly selective cationic channel.
To directly test the permeability of the digitoxin channel for calcium, we made a direct comparison of Cs ϩ and Ca 2ϩ conductance (see Fig. 3 and Materials and Methods). The trans side of the chamber contains 25 mM CaCl 2 , and the cis side contained 37.5 mM CsCl. Therefore, the traces showing upward-going currents, driven by membrane potentials of 10, 20, and 30 mV, respectively, show calcium ions moving from trans to cis across the digitoxin channels. Under these biionic conditions, the equilibrium potential is approximately Ϫ4 mV. From this potential, we calculate that the permeability ratio P Ca /P Cs is Ϸ0. 6 (19, 26) . Thus, the data strongly support the hypothesis that digitoxin plays a direct role in calcium transport processes.
Digitoxin Channel Kinetics Are Influenced by the Phospholipid Head
Group. To test whether the choice of phospholipid might influence the kinetics or selectivity of the digitoxin channel, we examined the behavior of digitoxin channels in membranes enriched in the neutral phosphatidylcholine (PC). As shown in Fig. 4 , the digitoxin channels enriched in PC (Fig. 4a ) exhibit open and closed states that are longer lived than those in PS and exhibit amplitudes that are approximately 5-fold less than of those observed in PS. A direct comparison can be made with equivalent PS data in Fig. 2 . As shown in Fig. 4b , the difference in kinetics can be readily observed on an expanded time scale. Fig. 4c shows that there is preferred amplitude in PC, although other conductances can be readily detected. Finally, the I-V curve in Fig. 4d reveals a reversal potential of ϩ27 mV. This value is somewhat closer to the calculated reversal potential of ϩ35 mV than that calculated in POPS membranes. Thus, although the ion selectivity of the digitoxin channel is similar in either PS or PC, the kinetics are significantly different. The importance of this distinction between high levels of activity in PS membranes and significantly lower levels of activity in PC membranes may be relevant to the fact that, in vivo, proapoptotic cells preferentially express PS on their outer leaflets.
Digitoxin Channels Are Blocked by Anti-Digitoxin Antibodies. As mentioned in the Introduction, an overdose of digitoxin or digoxin in humans treated for heart failure can be quickly reversed over a 15-to 30-min time period by administering specific anti-digitoxin/ digoxin antibodies (14) (15) (16) . Therefore, we hypothesized that if digitoxin channel activity contributed to cytotoxic adverse events, anti-digitoxin antibodies might quickly block both channel activity in vitro and digitoxin-dependent calcium uptake into cells. As shown in SI Fig. 8a in SI Appendix, digitoxin channel amplitudes are reduced by nearly 50% by 10 min after the addition of the antibody. After 14 min, the channel activity is barely detectable. SI Fig. 8b in SI Appendix (''After 14 min'') shows that the distribution of amplitudes is very close to zero. However, the I-V curves in SI Fig.  8c in SI Appendix show that the antibody has virtually no effect on the reversal potential of the digitoxin channel. Thus, as hypothesized, the antibody quickly reduces the rate with which digitoxin channels conduct ions. Nonetheless, the selectivity of the digitoxin ion channel remains intact.
Digitoxin Is Differentially Sensitive to Conventional Calcium Channel
Blockers. The data so far collected suggested that digitoxin channels conduct cations, including calcium. To further test this hypothesis, we examined the effect of various known calcium channel inhibitors Fig. 12 in SI Appendix) show that both agents are inactive. However, LaCl 3 inhibits digitoxin activity alone or in the simultaneous presence of either of these inactive agents. Thus, Mg 2ϩ does not appear to protect the digitoxin channel either. The failure of nitrendipine to block the digitoxin channel is consistent with the previously mentioned lack of protection for humans suffering in vivo from cardiac glycoside toxicity (4).
Other Cardiac Glycosides Form Calcium Channels. Cardiac glycosides such as digitoxin have different chemical moeities that could theoretically contribute to channel activity. SI Fig. 13 in SI Appendix shows chemical structures (Upper) and channel activities (43 nM each) (Lower) for oleandrin (SI Fig. 13a in SI Appendix), digitoxin (SI Fig. 13b in SI Appendix), and digoxigenin 3, 12-diAc (SI Fig. 13c in SI Appendix). At a common concentration of 43 nM, all three cardiac glycosides were able to form long-lived multiconductance pathways in planar lipid bilayers enriched in PS. Thus, digitoxin-like channel activity is preserved in the absence of sugars at position 3 or by substitution of -OH or acetyl groups for -H at C-12. We conclude that the remaining common structures in this class of compounds permits them to behave as cation channels in planar lipid bilayers.
Discussion
In conclusion, these studies indicate that digitoxin forms calciumconductance pathways in cultured cells and cation-selective calcium channels in planar lipid bilayers in vitro. Similar channels are formed by homologues such as digoxin and oleandrin. Based on the kinetic data, it is likely that the digitoxin channel is formed from multiple digitoxin molecules. The high k 1/2 values suggest that the channels form preferentially at concentrations associated with toxic concentrations in the human circulation. This article reports on the intrinsic calcium channel activity for digitoxin and related cardiac glycosides. We suggest that this property may provide a possible explanation for the previously well documented mystery of the mechanism behind calcium-enhanced cytotoxicity for this important class of drugs.
The physiological relevance of digitoxin calcium channels to toxic effects of digitoxin in vivo is supported by at least five lines of evidence. First, digitoxin induces prompt and dose-dependent increases in calcium uptake from the medium into cells. Consistently, increased calcium in the human circulation is known to be responsible for increased digitoxin toxicity in humans (1). Second, the threshold digitoxin concentration for induction of calcium uptake into cells is Ϸ40 nM. This value also is the top end of the therapeutic window for the treatment of heart failure in humans with digitoxin (see calculation in SI Text 1 in SI Appendix). Thus, the onset of digitoxin calcium channel activity at a physiologic calcium concentration coincides with the toxic digitoxin effects in vivo. Third, anti-digitoxin antibodies block digitoxin channel activity in planar lipid bilayers and calcium uptake into cells within minutes of addition. Consistently, i.v. administration of the Digibind antibody reverses digitoxin toxicity in humans within the same limited time frame (14) (15) (16) . We interpret the latter data to mean that the toxic mechanism for digitoxin action is equally available to an extracellular inhibitory antibody in a cultured cell system, a planar lipid bilayer system, and in vivo in humans. Fourth, the threshold concentration for digitoxin-dependent cell death begins to become statistically significant above ca. 60 nM digitoxin. This value also is the range in which significant toxicity has been documented to occur in vivo to human patients (see calculation in SI Text 1 in SI Appendix). Finally, nitridipine fails to block either digitoxin channels or digitoxin-mediated calcium entry into cells. This failure also is paralleled by clinical experience (4) . Although other entry mechanisms cannot be excluded, these data together constitute strong evidence that intrinsic calcium channel activity constitutes a biologically important, calcium-dependent toxicity mechanism for digitoxin and other clinically important cardiac glycosides. The data also are consistent with the concept that the digitoxin structure is directly responsible for the fundamental channel property of selectivity. For example, digitoxin forms biophysically classical channels for which the amplitude and kinetics of digitoxin channels are dependent on whether the bilayer is composed of acidic PS or neutral PC. However, in both cases, digitoxin channels exhibit the same cation selectivity. This behavior stands in contrast to the multimeric triterpines (avicins) that form highly cationselective channels in acidic phospholipid bilayers, but show no selectivity whatsoever in neutral phospholipids (20) . The avicins, unlike digitoxin, have been interpreted to follow the torroidal model, typical of pore-forming peptides, such as the magainins, melittin, and protegrins (21) (22) (23) . Thus, it would seem that digitoxin channels are more like the classical channel former alamethacin, which assembles as a multimeric ''barrel stave'' structure for which the ion selectivity is independent of phospholipid composition (24, 25) . Many other types of sterols are altogether electrically silent (27) , further supporting the structural specificity of the digitoxin channel.
As summarized in SI Fig. 14 in SI Appendix, the calcium transport/channel functions of digitoxin can be clearly distinguished from other digitoxin functions that distribute over a wide concentration range. These other functions appear to be nonexclusive. For example, digitoxin blockade of proinf lammatory TNF-␣/NF-B signaling occurs at subnanomolar concentrations (17, 18, 28) . This function is therefore unlikely to be dependent on digitoxin calcium channels, which only become active above a threshold of ca. 40 nM. Both digitoxin and digoxin have similar calcium channel activities, suggesting that channel activity does not provide an explanation for the reported clinical advantages of digitoxin over digoxin (29, 30) . The inhibition of both NaKATPase (13) and the NaKATPaselinked Na/Ca exchanger (5) occur at much higher cardiac glycoside concentrations. Accordingly, a possible role for digitoxin calcium channels in these processes, although less likely, cannot be ruled out. Therefore, we suggest that this insight into the occurrence and function of digitoxin-based calcium channels will serve to promote a better translational understanding of how to manage therapeutic use of these old cardiac glycoside drugs at bedsides. 
